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HIGH-FREQUENCY MAGNETIC FIELD GENERATING DEVICE

A high-frequency magnetic field generating de-

vice includes two coils arranged with a predetermined
gap in parallel with each other, the two coils in between
which electron spin resonance material is arranged or
arranged at one side from electron spin resonance ma-
terial; a high-frequency power supply that generates mi-
crowave current that flows in the two coils; and a trans-
mission line part connected to the two coils, that sets a
current distribution so as to locate the two coils at posi-
tions other than a node of a stationary wave.
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Description
BACKGROUND
Technical Field

[0001] The presentinvention relates to a high-frequen-
cy magnetic field generating device.

Background Art

[0002] In Optically Detected Magnetic Resonance
(ODMR), a medium that has sublevels and an optical
transition level as energy level is simultaneously irradi-
ated with a high-frequency magnetic field (microwave)
and light, and thereby a population change or the like
due to magnetic resonance between the sublevels is de-
tected as an optical signal with high sensitivity.

[0003] In general, after an electron in a ground state
is excited with green light, the electron emits red light
when returning the ground state. Contrarily, for example,
when an electron isirradiated with a high-frequency mag-
netic field of about 2.87 GHz in a nitrogen and a lattice
defect in a diamond structure (NVC: Nitrogen Vacancy
Center), the electron moves from the lowest level (ms =
0) among three sublevels of the ground state to an energy
level (ms = +1 or -1) higher than the lowest level among
the three sublevels. When the electron in such state is
irradiated with green light, an emitting light intensity is
decreased because of no radiation transition to the low-
est level (ms = 0) among the three levels of the ground
level; and therefore, it can be determined by detecting
this light whether magnetic resonance occurs due to the
high-frequency magnetic field. As mentioned, in ODMR,
optically detected magnetic resonance material such as
NVC is used.

[0004] Inameasurementsystem, a split-ringresonator
or an antenna of a coil or wire type is arranged under a
diamond sample, and the resonator or the like irradiates
the sample with a high-frequency magnetic field in a mi-
crowave range of about 2.87 GHz, and while the high-
frequency magnetic field and the exciting light are swept,
a detection device detects a position at which the red
light from an electron decreases and thereby information
on a cell near the aforementioned diamond structure is
acquired (forexample, see NON-PATENT LITERATURE
#1).

[0005] Further, a magnetic measurement device per-
forms magnetic measurement based on ODMR using
electron spin resonance (for example, see PATENT LIT-
ERATURE #1). In this magnetic measurement device,
as well, a magnetic field as micro wave is generated with
only one coil.
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Citation List
Patent Literature

[0006] PATENT LITERATURE #1: Japanese patent
application publication 2012-110489.

Non-patent Literature

[0007] NON-PATENT LITERATURE #1: Kento Sasa-
ki, et. al., "Broadband, large-area microwave antenna for
optically-detected magnetic resonance of nitrogen-va-
cancy centers in diamond", REVIEW OF SCIENTIFIC
INSTRUMENTS 87, 053904 (2016).

SUMMARY
Technical Problem

[0008] However, the aforementioned coil or antenna
is capable of generating a three-dimensional uniform
high-frequency magnetic field only in a very narrow
range, and therefore high detection sensitivity of ODMR
is hardly achieved. For example, in case of NON-PAT-
ENT LITERATURE #1, as shown in Fig. 20, a ring-an-
tenna resonator is used that is a circular copper plate
with a radius R (about 7 mm), and a slit is formed at the
center of the plate and further a penetrating hole with a
radius r (about 0.5 mm) is formed at a tip of the slit. A
high-frequency power supply provides current with about
2.87 GHz to the resonator, and thereby, as shown in Fig.
21, although a uniform magnetic field is generated at an
area within a 1-mm radius from the center, the magnetic
field intensity gradually decreases along a radius direc-
tion from the center of the coil in the other area, i.e. that
is 98 percent of the area of the copper plate; and there-
fore, this area can not be used for the detection based
on ODMR. It should be noted that the same problem aris-
es in another measurement using electron spin reso-
nance such as Electrically Detected Magnetic Reso-
nance (EDMR).

[0009] The present invention is conceived in view of
the aforementioned problem, and provides a high-fre-
quency magnetic field generating device that generates
a substantially uniform high-frequency magnetic field in
a wide three dimensional range and improves detection
sensitivity in measurement based on electron spin reso-
nance.

Solution to Problem

[0010] A high-frequency magnetic field generating de-
vice according to the present invention includes two coils
arranged with a predetermined gap in parallel with each
other, the two coils (a) in between which electron spin
resonance material is arranged or (b) arranged at one
side from electron spin resonance material; a high-fre-
quency power supply that generates microwave current
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that flows in the two coils; and a transmission line part
connected to the two coils, that sets a current distribution
so as to locate the two coils at positions other than a node
of a stationary wave.

[0011] A high-frequency magnetic field generating de-
vice according to the present invention includes a high-
frequency power supply; at least two pairs of coils; and
at least two transmission lines that include (a) a trans-
mission line in between (a1) one coil in one pair among
the two pairs and (a2) one coil in the other pair among
the two pairs and (b) a transmission line in between (b1)
the other coil in the one pair among the two pairs and
(b2) the other coil in the other pair among the two pairs.
The high-frequency power supply generates microwave
current that flows in two coils that form each pair among
the at least two pairs. Further, the two coils that form
each pair among the at least two pairs are arranged with
a predetermined gap in parallel with each other, the two
coils (a) in between which electron spin resonance ma-
terialis arranged or (b) arranged at one side from electron
spin resonance material. Furthermore, the at least two
transmission lines seta currentdistribution so as to locate
the coils in the at least two pairs at positions other than
a node of a stationary wave.

[0012] A high-frequency magnetic field generating de-
vice according to the present invention includes a circuit
board; a penetrating hole in the circuit board; a plate coil
arranged in the penetrating hole; a high-frequency power
supply that generates microwave current that flows in the
plate coil; and a transmission line part connected to the
plate coil, that sets a current distribution so as to locate
the plate coil at a position other than a node of a stationary
wave. Further, a longitudinal direction of a cross section
of the plate coil is perpendicular to the circuit board. Fur-
thermore, (a) one edge line partin a top end side and (b)
one edge line part in a bottom end side among four edge
line parts of the plate coil act as two coils arranged with
a predetermined gap in parallel with each other, the two
coils (a) in between which electron spin resonance ma-
terialis arranged or (b) arranged at one side from electron
spin resonance material.

Advantageous Effects of Invention

[0013] The presentinvention provides a high-frequen-
cy magnetic field generating device that generates a sub-
stantially uniform high-frequency magnetic field in awide
three dimensional range and improves detection sensi-
tivity in measurement based on electron spin resonance.
[0014] These and other objects, features and advan-
tages of the present disclosure will become more appar-
ent upon reading of the following detailed description
along with the accompanied drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015]
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Fig. 1 shows a perspective view diagram that ex-
plains an arrangement of coils in a high-frequency
magnetic field generating device in an embodiment
of the present invention;

Fig. 2 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 1 of the present inven-
tion;

Fig. 3 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 2 of the present inven-
tion;

Fig. 4 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 3 of the present inven-
tion;

Fig. 5 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 4 of the present inven-
tion;

Fig. 6 shows a perspective view diagram that ex-
plains an example of an arrangement of coils in a
high-frequency magnetic field generating device in
Embodiment 4 of the present invention;

Fig. 7 shows a perspective view diagram that ex-
plains an example of an arrangement of coils and
line units in a high-frequency magnetic field gener-
ating device in Embodiment 5 of the present inven-
tion;

Fig. 8 shows a perspective view diagram that ex-
plains an example of an arrangement of coils and
line units in a high-frequency magnetic field gener-
ating device in Embodiment 6 of the present inven-
tion;

Fig. 9 shows a perspective view diagram that ex-
plains another example of line units in a high-fre-
quency magnetic field generating device in Embod-
iment 6 of the present invention;

Fig. 10 shows a perspective view diagram that ex-
plains an example of an arrangement of coils and
line units in a high-frequency magnetic field gener-
ating device in Embodiment 7 of the present inven-
tion;

Fig. 11 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 8 of the present inven-
tion;

Fig. 12 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in a modification example #1 of Embod-
iment 8 of the present invention;

Fig. 13 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in a modification example #2 of Embod-
iment 8 of the present invention;

Fig. 14 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 9 of the present inven-
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tion;

Fig. 15 shows a circuit diagram that indicates a con-
figuration of a high-frequency magnetic field gener-
ating device in Embodiment 10 of the presentinven-
tion;

Fig. 16 shows a diagram that indicates a configura-
tion of a high-frequency magnetic field generating
device in Embodiment 11 of the present invention;
Fig. 17 shows a diagram that indicates a configura-
tion of a high-frequency magnetic field generating
device in Embodiment 12 of the present invention;
Fig. 18 shows a diagram that indicates a configura-
tion of a high-frequency magnetic field generating
device in Embodiment 13 of the present invention;
Fig. 19 shows a diagram that indicates a result of a
simulation of a magnetic field emitted from the high-
frequency magnetic field generating device in Em-
bodiment 6 of the present invention;

Fig. 20 shows a circuit diagram that indicates a con-
figuration of an ordinary coil-type high-frequency
generating device; and

Fig. 21 shows a diagram that indicates a magnetic
field emitted from an ordinary coil-type high-frequen-
cy generating device.

DETAILED DESCRIPTION

[0016] Hereinafter,embodiments accordingto aspects
of the present invention will be explained with reference
to drawings.

Embodiment 1.

[0017] Fig. 1 shows a perspective view diagram that
explains an arrangement of coils in a high-frequency
magnetic field generating device in an embodiment of
the present invention.

[0018] The high-frequency magnetic field generating
device in an embodiment of the present invention in-
cludes at least two coils L1 and L2. As shown in Fig. 1,
the two coils L1 and L2 are arranged with a predeter-
mined gap (e.g. substantially equal to a diameter of the
coils L1 and L2) in parallel with each other. Further, a
sample 101 is arranged on a plate member 102 such as
diamond that includes an NVC as Optically Detected
Magnetic Resonance material (hereinafter, called ODMR
material), and the plate member 102 is fixed on a sample
plate 103. Furthermore, the two coils L1 and L2 are ar-
ranged such that the plate member 102 includingan NVC
as the ODMR material is arranged in between the two
coils L1 and L2. The ODMR material is a sort of electron
spin resonance material.

[0019] The two coils L1 and L2 have identical shapes
to each other, and are arranged so as to have identical
central axes to each other. Here, the number of turns of
each coil L1 or L2 is set as substantially one turn (less
than one turn). In the two coils L1 and L2, microwave
current flows, and the two coils L1 and L2 generate al-
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ternate magneticfields as microwaves in phase with each
other (i.e. toward identical directions to each other at each
time point), respectively. The alternate magnetic fields
are applied to the ODMR material, and in addition to the
alternate magnetic fields generated by the coils L1 and
L2, a static magnetic field (not shown) is applied to the
ODMR material. Further, using an optical system (not
shown), the ODMR material is irradiated with a meas-
urement light such as laser light beam of a predetermined
wavelength, and a measurement based on Optically De-
tected Magnetic Resonance (e.g. magnetic measure-
ment, orientation measurement of an NVC, temperature
measurement of an NVC or the like) is performed, for
example, by observing radiant light having a specific
wavelength.

[0020] Fig. 2 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 1 of the present invention.

[0021] AsshowninFig.2,the high-frequency magnetic
field generating device in Embodiment 1 further includes
a high-frequency power supply 1, and two line units S1
and S2.

[0022] The high-frequency power supply 1 generates
microwave current that flows in the two coils L1 and L2.
Specifically, the high-frequency power supply 1 gener-
ates the microwave currentin a frequency band required
for the Optically Detected Magnetic Resonance (here,
about 2.87 GHz).

[0023] The two line units S1 and S2 form a transmis-
sion line part respectively connected to the two coils L1
and L2, and set a current distribution so as to locate the
two coils L1 and L2 at positions other than a node of a
stationary wave.

[0024] Each of the line units S1 and S2 may be formed
as one conductive wire line or as a distributed constant
circuitincluding a resister element, a condenser element
and/or the like.

[0025] Specifically, in Embodiment 1, as shown in Fig.
2, one-side ends of the two line units S1 and S2 are open-
circuited, and other-side ends of the two line units S1 and
S2 are connected to one-side ends of the two coils L1
and L2, respectively. Further, other-side ends of the two
coils L1 and L2 are electrically connected to each other,
and the high-frequency power supply 1 is connected to
a connecting point between the other-side ends of the
two coils L1 and L2. Therefore, microwave current flows
from the high-frequency power supply 1 into the other-
side ends of the two coils L1 and L2. The two coils L1
and L2 have identical shapes to each other, and the line
units S1 and S2 also have identical shapes to each other.
Consequently, in view from the high-frequency power
supply 1, (a) the coil L1 and the line unit S1 and (b) the
coil L2 and the line unit S2 have identical high frequency
characteristics (i.e. identical electrical lengths) to each
other.

[0026] For example, if both (a) an electrical length of
the coil L1 and the line unit S1 and (b) an electrical length
of the coil L2 and the line unit S2 are LAMBDA/4 (LAMB-
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DA: wavelength of the microwave), then a current distri-
bution as shown in Fig. 2 appears, and the coils L1 and
L2 are not located at any nodes of a stationary wave but
located near antinodes of a stationary wave; and conse-
quently, sufficient microwave current flows in the coils L1
and L2 and induces a magnetic field as a microwave.
[0027] For example, if the high-frequency power sup-
ply 1 generates a microwave of 2.87 GHz, then the wave-
length is about 10 cm, and therefore, the electrical length
of the coil L1 and the line unit S1 and the electrical length
of the coil L2 and the line unit S2 are set as about 2.5
cm. In addition, for easy tuning, itis favorable that lengths
of the coils L1 and L2 are set to be shorter than a half of
lengths of the line units S1 and S2.

[0028] The following part explains a behavior of the
high-frequency magnetic field generating device in Em-
bodiment 1.

[0029] When the high-frequency power supply 1 gen-
erates a microwave as alternate power, microwave cur-
rent flows into (a) the coil L1 and the line unit S1 and (b)
the coil L2 and the line unit S2. Here, since theimpedance
is matched for the whole circuit, there is no need to use
an impedance matching unit separately at a terminal end
of (a) the coil L1 and the line unit S1 and at a terminal
end of (b) the coil L2 and the line unit S2, and a stationary
wave as shown in Fig. 2 is formed in (a) the coil L1 and
the line unit S1 and (b) the coil L2 and the line unit S2.
[0030] Consequently, in the coils L1 and L2, alternate
current flows with identical amplitude to each other in
phase with each other. A magnetic field as microwave is
formed by the current that flows in the coils L1 and L2.
Further, the coils L1 and L2 are arranged coaxially and
substantially in parallel with each other, and therefore, in
a space between the coil L1 and the coil L2, a direction
of the magnetic field is substantially in parallel with a cen-
tral axis of the coils L1 and L2 and the magnetic field is
substantially uniform.

[0031] As mentioned, in Embodiment 1, the two coils
L1 and L2 are arranged with a predetermined gap in par-
allel with each other and in between the two coils L1 and
L2 electron spin resonance material is arranged. The
high-frequency power supply 1 generates microwave
current that flows in the two coils L1 and L2. The two line
units S1 and S2 are connected to the two coils L1 and
L2, respectively, and set a current distribution so as to
locate the two coils L1 and L2 at positions other than a
node of a stationary wave.

[0032] Consequently, a substantially uniform high-fre-
quency magnetic field is generated in a wide three di-
mensional range in between the coils L1 and L2. Conse-
quently, detection sensitivity of ODMR can be improved.
[0033] In this embodiment, the one-side ends of the
line units S1 and S2 are open-circuited. Alternatively, for
example, high impedance circuits having a high imped-
ance sufficiently for a frequency of the microwave current
(i.e. oscillation frequency of the power supply) may be
connected to these open-circuited one-side ends and a
ground.
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[0034] Further, as shown in Fig. 1, the two coils L1 and
L2 are arranged with a predetermined gap in parallel with
each other such that ODMR material is arranged in be-
tween the two coils L1 and L2. Alternatively, both of the
two coils L1 and L2 may be arranged at one side from
the electron spin resonance material. In such a case,
although resonance band width gets a little narrow, ar-
rangement position of the ODMR material gets high flex-
ibility.

[0035] Furthermore, in Fig. 1, the plate member 102
and the sample plate 103 are arranged to be perpendic-
ular to the direction of the magnetic field (i.e. the direction
of the central axis of the coils L1 and L2). Alternatively,
the plate member 102 and the sample plate 103 may be
arranged to be slanted to the direction of the magnetic
field (i.e. the direction of the central axis of the coils L1
and L2). Even in such a case, the uniform magnetic field
is applied to the plate member 102.

Embodiment 2.

[0036] Fig. 3 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 2 of the present invention.
The high-frequency magnetic field generating device in
Embodiment 2 has the same configuration as the con-
figuration of the high-frequency magnetic field generating
device in Embodiment 1, and additionally includes an
impedance matching unit 11 in between the high-fre-
quency power supply 1 and the two coils L1 and L2.
[0037] If impedance matching is not achieved in be-
tween the high-frequency power supply 1 and the two
coils L1 and L2, then a microwave from the high-frequen-
cy power supply 1 reflects at the coils L1 and L2, and
consequently adequate microwave current does not flow
into the coils L1 and L2. Therefore, if impedance match-
ing is not achieved in between the high-frequency power
supply 1 and the two coils L1 and L2, then the impedance
matching unit 11 is installed. Consequently, the imped-
ance matching is achieved and the microwave from the
high-frequency power supply 1 propagates into the coils
L1 and L2. As the impedance matching unit 11, for ex-
ample, a resistance element (R), a capacitance element
(C), an inductance element (L) or a combination thereof
is used.

[0038] In Fig. 3, the impedance matching unit 11 is
installed in between the high-frequency power supply 1
and a connecting point between the coils L1 and L2. Al-
ternatively, two impedance matching units 11 may be
installed (a) in between the high-frequency power supply
1 and the coil L1 and (b) in between the high-frequency
power supply 1 and the coil L2, respectively.

[0039] Further, in a high-frequency magnetic field gen-
erating device in another embodiment mentioned below,
the same impedance matching unit(s) may be installed
as well. Ifthe high-frequency power supply 1 is connected
to two line units in another embodiment, the impedance
matching unit(s) may be installed in between the high-
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frequency power supply 1 and the two line units in the
same manner.

[0040] Asmentioned,in Embodiment 2, evenwhenthe
impedance matching is not achieved with only the coils
L1 and L2 and the line units S1 and S2, the impedance
matching can be achieved by the impedance matching
unit 11.

Embodiment 3.

[0041] Fig. 4 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 3 of the present invention.
The high-frequency magnetic field generating device in
Embodiment 3 includes at least two pairs of coils (L1-i,
L2-i) (i= 1, ..., n; n > 1) and at least two line units S1-j,
S2-j that include (a) a line unit S1-j in between (a1) one
coil L1-i in one pair among the at least two pairs and (a2)
one coil L1-iin the other pair among the at least two pairs
and (b) a line unit S2-j in between (b1) the other coil L2-
i in the one pair among the at least two pairs and (b2)
the other coil L2-i in the other pair among the at least two
pairs.

[0042] In Embodiment 3, the high-frequency power
supply 1 generates microwave current that flows two coils
L1-i and L2-i that form each pair among the aforemen-
tioned at least two pairs of coils (L1-i, L2-i).

[0043] The two coils that form each pair among the
aforementioned at least two pairs of coils (L1-i, L2-i) are
arranged with a predetermined gap in parallel with each
other, and electron spin resonance material is arranged
in between these two coils. For example, the coils L1-1
to L1-n are arranged such that the magnetic fields in-
duced by the coils L1-1 to L1-n gets in phase with each
other, and the coils L2-1 to L2 -n are arranged such that
the magnetic fields induced by the coils L2-1 to L2-n gets
in phase with each other. Thus, the magnetic fields in-
duced by the coils L1-1 to L1-n and L2-1 to L2-n have
identical directions to each other.

[0044] Further, the aforementioned at least two line
units S1-jand S2-jas a transmission line unit seta current
distribution so as to locate the coils L1-i and L2-i in the
at least two pairs at positions other than a node of a sta-
tionary wave. For example, all of the line units S1-j and
S2-j have identical electric lengths with each other, the
line units S1-j and the coils L1-j are alternately arranged,
and the line units S2-j and the coils L2-j are alternately
arranged. Specifically, the line unit S1-j is arranged in
between the coil L1-j and the coil L1-(j+1), the line unit
S2-j is arranged in between the coil L2-j and the coil
L2-(j+1), and a terminal end of the line unit S1-n and a
terminal end of the line unit S2-n are open-circuited.
[0045] For example, the coils L1-i and L2-i have iden-
tical shapes to each other and are arranged so as to have
identical central axes to each other. Here, the number of
turns of each coil L1-i or L2-i is set as substantially one
turn (less than one turn); and ifboth (a) an electrical length
of the coils L1-1 to L1-n and the line unit (s) S1-j there-
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between and (b) an electrical length of the coil L2-1 to
L2-n and the line unit (s) S2-j therebetween are (2n -
1)*LAMBDA/4, then a current distribution as shown in
Fig.4 appears, and all of the coils L1-iand L2-i are located
at positions other than any nodes of a stationary wave;
and consequently, sufficient microwave current flows in
the coils L1-i and L2-i and induces a magnetic field as a
microwave.

[0046] As mentioned, in Embodiment 3, a large
number of the coils L1-i and L2-i are installed. Conse-
quently, the induced high-frequency magnetic field gets
a high intensity.

Embodiment 4.

[0047] Fig. 5 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 4 of the present invention.
As shown in Fig. 5, the high-frequency magnetic field
generating device in Embodiment 4 includes two pairs
of coils (L11, L21) and (L12, L22), and two line units S11
and S21 as a transmission line part.

[0048] Fig. 6 shows a perspective view diagram that
explains an example of an arrangement of the coils L11,
L12,L21 and L22in a high-frequency magnetic field gen-
erating device in Embodiment 4 of the present invention.
As shown in Fig. 6, the number of turns of each coils L11,
L21, L12 or L22 is substantially a half of one turn; and
the coil L11 and the coil L22 form a pair and induce mag-
netic fields as microwave in phase with each other, and
the coil L12 and the coil L21 form a pair and induce mag-
netic fields as microwave in phase with each other.
[0049] Alternatively, the number of turns of each coils
L11, L21, L12 or L22 may be substantially one turn as
well as in Embodiment 1, 2 or 3; and the in-phase coils
L11 and L22 may be arranged contiguously to each other
(i.e. soasto cause the number of turns to get substantially
two turns in total), and the in-phase coils L12 and L21
may be arranged contiguously to each other.

[0050] Further, in Embodiment 4, (a) one-side ends of
the two coils L12 and L22 are connected to a ground, (b)
other-side ends of the two coils L12 and L22 are con-
nected to one-side ends of the two line units S11 and
S21, (c) other-side ends of the two line units S11 and
S21 are connected to one-side ends of the two coils L11
and L21, (d) other-side ends of the two coils L11 and L21
are connected to each other, and (e) the high-frequency
power supply 1 is connected to a connecting position
between the two coils L11 and L21. Microwave current
flows from the high-frequency power supply 1 through
the coils L11 and L21 into the other-side ends of the two
line units S11 and S21. Therefore, antinodes of the cur-
rent distribution are located at ends (i.e. short-circuited
ends) of the coils L12 and L22, and as shown in Fig. 5,
each of the coils L11, L12, L21 and L22 is located at a
position other than a node of the current distribution.
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Embodiment 5.

[0051] Fig. 7 shows a perspective view diagram that
explains an example of an arrangement of coils and line
units in a high-frequency magnetic field generating de-
vice in Embodiment 5 of the present invention.

[0052] The high-frequency magnetic field generating
device in Embodiment 5 has a circuit configuration as
described in Embodiment 1 or 2 (i.e. Fig. 2 or 3), and
includes a circuit board 21. The two coils L1 and L2 are
arranged on one surface of the circuit board 21 so as to
be substantially perpendicular to this surface. Further, in
Embodiment5, the two line units S1 and S2 are line mem-
bers that have partially-cutted-off ring shapes and are
arranged on the other surface of the circuit board 21 so
as to be substantially perpendicular to this surface.
[0053] Furthermore, in the manner shown in Fig. 2 or
3, the coils L1 and L2, the line units S1 and S2, and the
high-frequency power supply 1 are electrically connect-
ed, and these electrical connections are established with
a wiring pattern on the circuit board 21, a through hole
in the circuit board 21, and/or the like.

[0054] Behaviors of the high-frequency magnetic field
generating device in Embodiment 5 are identical or sim-
ilar to those in Embodiment 1 or 2, and therefore not
explained here.

Embodiment 6.

[0055] Fig. 8 shows a perspective view diagram that
explains an example of an arrangement of coils and line
units in a high-frequency magnetic field generating de-
vice in Embodiment 6 of the present invention.

[0056] The high-frequency magnetic field generating
device in Embodiment 6 has a circuit configuration as
described in Embodiment 1 or 2 (i.e. Fig. 2 or 3), and
includes a circuit board 21. The two coils L1 and L2 are
arranged on one surface of the circuit board 21 so as to
be substantially perpendicular to this surface. Further, in
Embodiment 6, the two line units S1 and S2 are wiring
patterns, respectively, and are formed on any surface of
the circuit board 21.

[0057] Fig. 9 shows a perspective view diagram that
explains another example of line units in a high-frequency
magnetic field generating device in Embodiment 6 of the
present invention. As shown in Fig. 9, branch parts 31
and 32 identical to each other are formed in the line units
S1 and S2, respectively. Consequently, using the branch
parts 31 and 32, the current distribution can be adjusted
in the coils L1 and L2 and the line units S1 and S2, and
in addition, a width of input frequency band can be ad-
justed.

[0058] Behaviors of the high-frequency magnetic field
generating device in Embodiment 6 are identical or sim-
ilar to those in Embodiment 1 or 2, and therefore not
explained here.
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Embodiment 7.

[0059] Fig. 10 shows a perspective view diagram that
explains an example of an arrangement of coils and line
units in a high-frequency magnetic field generating de-
vice in Embodiment 7 of the present invention.

[0060] The high-frequency magnetic field generating
device in Embodiment 7 has a circuit configuration as
described in Embodiment 4 (i.e. Fig. 5), and includes a
circuit board 21. As shown in Fig. 10, in Embodiment 7,
thecoilsL11,L12,L21 and L22 are arranged on the circuit
board 21 so as to be perpendicular to the circuit board
21, the line unit S11 that has a partially-cutted-off ring
shape is connected to an end of the coil L11 and an end
of the coil L12, and the line unit S21 that has a partially-
cutted-off ring shape is connected to an end of the coil
L21 and an end of the coil L22.

[0061] As shownin Fig. 10, the line units S11 and S21
are arranged so as to be perpendicular to an opening
direction of the coils L11 and L22 and an opening direc-
tion of the coils L12and L21 (i.e. a direction of a magnetic
field formed by the coils L11, L22, L12 and L21), such
that magnetic coupling is restrained between (a) the coils
L11,L22,L12 and L21 and (b) the line units S11 and S2.
[0062] Behaviors of the high-frequency magnetic field
generating device in Embodiment 7 are identical or sim-
ilar to those in Embodiment4, and therefore not explained
here.

Embodiment 8.

[0063] Fig. 11 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 8 of the present invention.
[0064] Inthe high-frequency magnetic field generating
device in Embodiment 8, as shown in Fig. 11, the two
coils L1 and L2 are connected in parallel with each other,
and one transmission line S1s as a transmission line part
is connected to a connecting point between the two coils
L1 and L2. In Embodiment 8, the one transmission line
S1s sets a current distribution so as to locate the two
coils L1 and L2 at positions other than a node of a sta-
tionary wave.

[0065] Specifically, in Embodiment 8, as shown in Fig.
11, one end of the line unit S1s is open-circuited, and the
other end of the line unit S1s is connected to one con-
necting point between the two coils L1 and L2. Further,
the high-frequency power supply 1 is connected to the
other connecting point between the two coils L1 and L2.
Therefore, microwave current flows from the high-fre-
quency power supply 1 into the other-side ends of the
twocoilsL1andL2. Thetwo coilsL1and L2 have identical
shapes to each other. Consequently, in view from the
high-frequency power supply 1, (a) the coil L1 and the
line unit S1s and (b) the coil L2 and the line unit S1s have
identical high frequency characteristics (i.e. identical
electrical lengths) to each other.

[0066] For example, if an electrical length of the coils
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L1 and L2 and the line unit S1s is LAMBDA/4 (LAMBDA:
wavelength of the microwave), then a current distribution
as shown in Fig. 11 appears, and the coils L1 and L2 are
not located at any nodes of a stationary wave but located
near antinodes of a stationary wave; and consequently,
sufficient microwave current flows in the coils L1 and L2
and induces a magnetic field as a microwave.

[0067] Behaviors of the high-frequency magnetic field
generating device in Embodiment 8 are identical or sim-
ilartothose in Embodiment 1, and therefore not explained
here.

[0068] In Embodiment 8, instead of the configuration
of the high-frequency magnetic field generating device
shown in Fig. 11, modification examples shown in Fig.
12 or 13 may be applied.

[0069] Fig. 12 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in a modification example #1 of Embodiment
8 of the present invention. In the modification example
#1 shown in Fig. 12, one end of a variable capacitance
element 41 is connected to one end of the line unit S1s
such that this one end is not connected to the coils L1
and L2, and the other end of the variable capacitance
element 41 is connected to a ground. Consequently,
even if displacement appears between the central axes,
a center of a resonance frequency band of the coils L1
and L2 can be adjusted by changing a capacitance of
the variable capacitance element 41 so as to cause the
center of a resonance frequency band to get closest to
a desired frequency. A very small capacitance value is
sufficient of this variable capacitance element 41. There-
fore, the variable capacitance element 41 may be a de-
vice that moves a position of a part of the line unit S1s a
little. Alternatively, the variable capacitance element 41
may be a variable capacitor that has a small capacitance,
for example.

[0070] Fig. 13 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in a modification example #2 of Embodiment
8 of the present invention. In the modification example
#2 shown in Fig. 13, one end of a variable capacitance
element 51 is connected to one-side ends (i.e. the ends
on the power supply side) of the coils L1 and L2 such
that the one-side ends are not connected to the line unit
S1s, and the other end of the variable capacitance ele-
ment 51 is connected to a ground. Consequently, as well
as the aforementioned modification example #1, even if
shapes of the coils L1 and L2 change or displacement
occurs between the central axes, a center of aresonance
frequency band of the coils L1 and L2 can be adjusted
by changing a capacitance of the variable capacitance
element 51 so as to cause the center of a resonance
frequency band to get closest to a desired frequency. A
very small capacitance value is sufficient of this variable
capacitance element 51. Therefore, the variable capac-
itance element 51 may be (a) a variable capacitor that
has a small capacitance, for example, (b) a device that
moves a part of a conductive line between the power
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supply and the coils L1 and L2, or the like.
Embodiment 9.

[0071] Fig. 14 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 9 of the present invention.
[0072] Inthe high-frequency magnetic field generating
device in Embodiment 9, as shown in Fig. 14, the two
coils L1 and L2 are connected in parallel with each other,
and one transmission line S1s as a transmission line part
is connected to a connecting point between the two coils
L1 and L2. In Embodiment 9, the one transmission line
S1s sets a current distribution so as to locate the two
coils L1 and L2 at positions other than a node of a sta-
tionary wave.

[0073] Specifically, in Embodiment 9, as shown in Fig.
14, one end of the line unit S1s is connected through a
first impedance matching unit 11 to the high-frequency
power supply 1, and the other end of the line unit S1s is
connected to one connecting point between the two coils
L1 and L2. Further, one end of a second impedance
matching unit 11 is connected to the other connecting
point between the two coils L1 and L2. The other end of
the second impedance matching unit 11 is open-
circuited. Therefore, microwave current flows from the
high-frequency power supply 1 through the first imped-
ance matching unit 11 and the line unit S1s to the ends
of the two coils L1 and L2. The two coils L1 and L2 have
identical shapes to each other. Consequently, in view
from the high-frequency power supply 1, (a) the coil L1
and the line unit S1s and (b) the coil L2 and the line unit
S1s have identical high frequency characteristics (i.e.
identical electrical lengths) to each other.

[0074] For example, if an electrical length of the coils
L1 and L2 and the line unit S1s is LAMBDA/4 (LAMBDA:
wavelength of the microwave), then a current distribution
as shown in Fig. 14 appears, and the coils L1 and L2 are
not located at any nodes of a stationary wave but located
near antinodes of a stationary wave; and consequently,
sufficient microwave current flows in the coils L1 and L2
and induces a magnetic field as a microwave.

Embodiment 10.

[0075] Fig. 15 shows a circuit diagram that indicates a
configuration of a high-frequency magnetic field gener-
ating device in Embodiment 10 of the present invention.
[0076] Inthe high-frequency magnetic field generating
device in Embodiment 10, as shown in Fig. 15, the two
coils L1 and L2 are connected in parallel with each other,
and transmission lines S1s as a transmission line part
are connected to connecting points between the two coils
L1 and L2, respectively. In Embodiment 10, the trans-
mission lines S1s set a current distribution so as to locate
the two coils L1 and L2 at positions other than a node of
a stationary wave.

[0077] Specifically,inEmbodiment10, as shownin Fig.
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15, one end of the first line unit S1s is connected through
a first impedance matching unit 11 to the high-frequency
power supply 1, and the other end of the first line unit
S1s is connected to one connecting point between the
two coils L1 and L2. Further, one end of a second line
unit S1s is connected to the other connecting point be-
tween the two coils L1 and L2. The other end of the sec-
ond line unit S1s is connected to one end of a second
impedance matching unit 11. The other end of the second
impedance matching unit 11 is open-circuited. Therefore,
microwave current flows from the high-frequency power
supply 1 through the first impedance matching unit 11
and the first line unit S1s to the ends of the two coils L1
and L2. The two coils L1 and L2 have identical shapes
to each other, and the line units S1s also have identical
shapes to each other. Consequently, in view from the
high-frequency power supply 1, (a) the coil L1 and the
line units S1s and (b) the coil L2 and the line units S1s
have identical high frequency characteristics (i.e. identi-
cal electrical lengths) to each other.

[0078] For example, if an electrical length of the coils
L1and L2 and the line units S1sis LAMBDA/2 (LAMBDA:
wavelength of the microwave), then a current distribution
as shown in Fig. 15 appears, and the coils L1 and L2 are
not located at any nodes of a stationary wave but located
near antinodes of a stationary wave; and consequently,
sufficient microwave current flows in the coils L1 and L2
and induces a magnetic field as a microwave.

Embodiment 11.

[0079] Fig. 16 shows a diagram that indicates a con-
figuration of a high-frequency magnetic field generating
device in Embodiment 11 of the present invention.
[0080] In Embodiment 11, the coils L1 and L2 are
formed as metal patterns in parallel with each other on
a front surface and a back surface of a circuit board 61
that has a predetermined thickness. Further, a penetrat-
ing hole 62 is formed so as to penetrate a center of the
coils L1 and L2. This penetrating hole 62 enables the
high-frequency alternate magnetic field to be applied to
a sample not only (a) in a case that a pair of the coil L1
and L2 is arranged at one side from the sample with a
predetermined distance but (b) in a case that the sample
is arranged at any position between the coils L1 and L2
in the height direction.

[0081] Further, as shown in Fig. 16, penetrating holes
63 and 64 may be formed in the wall thickness of the
circuit board 61 so as to be parallel to a radius direction
ofthe coils L1 and L2. In such acase, alaserbeam enters
from the penetrating hole 63, a sample (not shown) in
the penetrating hole 62 is irradiated with the laser beam,
and reflection light thereof passes through the penetrat-
ing hole 62 in an upward direction and/or a downward
direction. Therefore, this reflection light can be detected
by a microscope. Further, a part of the laser light beam
passes through the sample and the part of the laser light
beam exits through the penetrating hole 64. Therefore,
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the exiting part of the laser light beam may be observed.
With talking refraction of the light beam into account, a
diameter of the penetrating hole 64 may be larger than
a diameter of the penetrating hole 63.

[0082] In Embodiment 11, the circuit board 61 is ar-
ranged in between the coils L1 and L2 in parallel, and
therefore, an advantageous mechanical characteristic
and an advantageous electrical characteristic are ob-
tained from various viewpoints such as stable forming of
shapes of the coils L1 and L2 and keeping a stable dis-
tance between the coils L1 and L2.

Embodiment 12.

[0083] Fig. 17 shows a diagram that indicates a con-
figuration of a high-frequency magnetic field generating
device in Embodiment 12 of the present invention.
[0084] In Embodiment 12, the high-frequency magnet-
ic field generating device includes a plate coil La instead
of the aforementioned coils L1 and L2 described in Em-
bodiment 11. A penetrating hole 82 is formed in a circuit
board 81 that has a predetermined thickness. The plate
coil La is arranged in the penetrating hole 82. In Embod-
iment 12, the plate coil La is fixed on an inner wall facing
the penetrating hole 82 of the circuit board 81 such that
a longitudinal direction of a cross section of the plate coil
La is perpendicular to the circuit board 81. The cross
section of the plate coil La has a substantially rectangle
shape. The penetrating hole 82 may be a through hole;
and the plate coil La may be a member formed by flexing
and/or bending a thin metal plate such as copper plate
or may be a metal foil formed on an inner circumferential
surface of the through hole as the penetrating hole 82
using metal plating or the like.

[0085] Further,in Embodiment 12, the penetrating hole
82 includes an observation hole part 82a of which a cross
section has a circular shape. Among four edge line parts
LaEU and LaEL (in particular, edge line parts in the ob-
servation hole part 82a) of the plate coil La, (a) one of
edge line parts LaEU in a top end side and (b) one of
edge line parts LaEL in a bottom end side act as two coils
arranged with a predetermined gap in parallel with each
other, and these two coils are arranged (a) in between
which electron spin resonance material is arranged or
(b) arranged at one side from electron spin resonance
material. The current intensively flows at the edge line
parts LaEU and LaEL of the plate coil La due to skin effect
in high frequency (in particular, equal to or higher than
MHz order), and therefore, the edge line part LaEU in
the top end side and the edge line part LaEL in the bottom
end side substantially act as individual coils. It is favora-
ble that a height of the plate coil La (i.e. a length of a long
side of the cross section) is set to be substantially equal
to a radius of a circular part of the plate coil La. Further,
in order to restrain stray capacitance between the plate
coil La and a lens barrel of the microscope, it is favorable
that a width of the plate coil La (i.e. a length of a short
side of the cross section) is set to be sufficiently smaller
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than the height of the plate coil La.

[0086] This penetrating hole 82 enables the high-fre-
quency alternate magnetic field to be applied to a sample
not only (a) in a case that both of the edge line part LaEU
in the top end side and the edge line part LaEL in the
bottom end side are arranged at one side from the sample
with a predetermined distance but (b) in a case that the
sample is arranged at any position between the edge line
part LaEU in the top end side and the edge line part LaEL
in the bottom end side in the height direction.

[0087] Further, as shownin Embodiment 17, penetrat-
ing holes 83 and 84 may be formed in the wall thickness
of the circuit board 81 so as to be parallel to a radius
direction of the circular part of the plate coil La, and pen-
etrating holes 85a and 85b of the plate coil La may be
formed at positions on an extension line between the
penetrating holes 83 and 84. In such a case, alaser beam
enters from the penetrating holes 83 and 85a, a sample
(not shown) in the penetrating hole 82 is irradiated with
the laser beam, and reflection light thereof passes
through the penetrating hole 82 in an upward direction
and/or a downward direction. Therefore, this reflection
light can be detected by a microscope. Further, a part of
the laser light beam passes through the sample and the
part of the laser light beam exits through the penetrating
holes 85b and 84. Therefore, the exiting part of the laser
light beam may be observed. With talking refraction of
the light beam into account, diameters of the penetrating
holes 85a and 84 may be larger than diameters of the
penetrating holes 83 and 85a.

[0088] Other parts of configuration and behaviors of
the high-frequency magnetic field generating device in
Embodiment 12 are identical or similar to those in Em-
bodiment 9 or 11 or a combination thereof, and therefore
not explained here.

[0089] As mentioned, in Embodiment 12, the afore-
mentioned plate coil La is applied and thereby a direct-
currentresistance of the coil gets low. If there is a metallic
object such as a housing of the microscope for observa-
tion or a dielectric object such as sample base around
the coil, then the resonance frequency may change due
to the existence of such object, but such change of the
resonance frequency is restrained by applying the afore-
mentioned plate coil La.

[0090] For example, when the thickness of the circuit
board was 1.6 mm and a radius of the circular part of the
plate coil La was 2 mm, the resonance frequency in Em-
bodiment 12 was 2.96 GHz in a status that a sample was
arranged in the penetrating hole 82 or 2.965 GHz in a
status that a lens of the microscope was arranged at the
distance of 1.5mm. Contrarily, in acomparative example,
the resonance frequency was 2.84 GHz in a status that
a sample was arranged in the penetrating hole or 2.89
GHz in a status that a lens of the microscope was ar-
ranged at the distance of 1.5 mm. Thus, the change of
the resonance frequency is restrained.
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Embodiment 13.

[0091] Fig. 18 shows a diagram that indicates a con-
figuration of a high-frequency magnetic field generating
device in Embodiment 13 of the present invention.
[0092] In Embodiment 13, the penetrating hole 82 has
a substantially rectangular shape, and the plate coil La
is arranged in the penetrating hole 82.

[0093] InEmbodiment13,the plate coil Lais fixed such
that the plate coil La protrudes from an inner wall facing
the penetrating hole 82 of the circuit board 81.

[0094] Other parts of configuration and behaviors of
the high-frequency magnetic field generating device in
Embodiment 13 are identical or similar to those in Em-
bodiment 12, and therefore not explained here.

[0095] In addition, about various changes for the form
of the above-mentioned enforcement and the correction,
it is apparent to these skilled in the art. Such a change
and the correction may be performed without leaving the
purpose of the subject and the range and without weak-
ening an advantage aimed at. In other words such a
change and a correction intend to be within the range of
the request.

[0096] For example, in any of the aforementioned em-
bodiments, the ends of the aforementioned two line units
may be neither open-circuited nor short-circuited, and
may be terminated with a predetermined resistance val-
ue.

[0097] Further, in Embodiment4, the coilsL11and L21
may be removed and the line units S11 and S21 may be
connected to each other, and the high-frequency power
supply 1 may be connected to a connecting point be-
tween the line units S11 and S21.

[0098] Furthermore, in any of the aforementioned em-
bodiments, the line unit is used as the transmission line
unit. Alternatively, the aforementioned line unit may be
replaced with a lumped constant circuit if required.
[0099] Furthermore, in any of the aforementioned em-
bodiments, a diamond including an NVC is described as
an example of the ODMR material. Alternatively, the
ODMR material including another color center (e.g. SiC
color center or color center of ZnO, GaN, Si, an organic
substance or the like) may be used. In such a case, the
high-frequency power supply 1 generates microwave
current having a frequency corresponding to the color
center in use.

[0100] Furthermore, in any of the aforementioned em-
bodiments, the high-frequency magnetic field generating
device can form a uniform magnetic field in an area sub-
stantially identical to an opening area of the coil. There-
fore, in particular, the high-frequency magnetic field gen-
erating device is applied to ODMR in a high frequency
range equal to or higher than 100 MHz, and in addition,
the high-frequency magnetic field generating device may
be applied to another measurement using electron spin
resonance, such as EDMR. Fig. 19 shows a diagram that
indicates a result of a simulation of a magnetic field emit-
ted from the high-frequency magnetic field generating
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device in Embodiment 6 of the present invention. This
simulation is performed under a condition that current of
about 3 GHz is supplied from a power supply to the coil
L1 and L2, and the result shows that as shown in Fig.
19, a uniform magnetic field (for example, a magnetic
field area that has an error of 10 percent or less of the
value of the magnetic field intensity at the center) are
generated in a substantially whole area of the opening
area from the center of the circular part of the coils L1
and L2.

[0101] Further, even in a range less than 100 MHz, a
high-frequency magnetic field generating device in each
embodiment of the present invention can be used as well
as an ordinary coil-type resonator.

Industrial Applicability

[0102] Forexample, the presentinvention is applicable
to a high-frequency magnetic field generating device for
Optically Detected Magnetic Resonance.

Claims

1. A high-frequency magnetic field generating device,
comprising:

two coils arranged with a predetermined gap in
parallel with each other, the two coils in between
which electron spin resonance material is ar-
ranged or arranged at one side from electron
spin resonance material;

a high-frequency power supply that generates
microwave current that flows in the two coils; and
a transmission line part connected to the two
coils, that sets a current distribution so as to lo-
cate the two coils at positions other than a node
of a stationary wave.

2. Thehigh-frequency magneticfield generating device
according to claim 1, wherein the transmission line
part is two transmission lines;

the two transmission lines are connected to the
two coils, respectively;

one-side ends of the two transmission lines are
open-circuited or are connected to a high im-
pedance circuit for a frequency of the microwave
current;

other-side ends of the two transmission lines are
connected to one-side ends of the two coils; and
the microwave current from the high-frequency
power supply flows into other-side ends of the
two coils.

3. Thehigh-frequency magneticfield generating device
according to claim 1, wherein the transmission line
part is two transmission lines;
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the two transmission lines are connected to the
two coils, respectively;

one-side ends of the two coils are short-
circuited;

other-side ends of the two coils are connected
to one-side ends of the two transmission lines;
and

the microwave current from the high-frequency
power supply flows into other-side ends of the
two transmission lines.

The high-frequency magneticfield generating device
according to any of claims 1 to 3, further comprising
an impedance matching unit in between the high-
frequency power supply and the two coils or the
transmission line part.

The high-frequency magneticfield generating device
according to claim 1, further comprising a circuit
board;

wherein the two coils are arranged on one sur-
face of the circuit board; and

the transmission line part is line members that
have partially-cutted-off ring shapes and are ar-
ranged on the other surface of the circuit board.

The high-frequency magneticfield generating device
according to claim 1, further comprising a circuit
board;

wherein the transmission line partis a wiring pat-
tern on the circuit board.

The high-frequency magneticfield generating device
according to claim 1, wherein the transmission line
part is one transmission line;

the two coils are parallely connected with each
other; and

the one transmission line is connected to a con-
nected point between the two coils.

A high-frequency magnetic field generating device,
comprising:

a high-frequency power supply;

at least two pairs of coils; and

at least two transmission lines that include a
transmission line in between one coil in one pair
among the two pairs and one coil in the other
pair among the two pairs and a transmission line
in between the other coil in the one pair among
the two pairs and the other coil in the other pair
among the two pairs;

wherein the high-frequency power supply gen-
erates microwave current that flows in two coils
that form each pair among the at least two pairs;
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the two coils that form each pair among the at
least two pairs are arranged with a predeter-
mined gap in parallel with each other, the two
coils in between which electron spin resonance
materialis arranged or arranged atone sidefrom 5
electron spin resonance material; and

the at least two transmission lines set a current
distribution so as to locate the coils in the atleast

two pairs at positions other than a node of a sta-
tionary wave. 10

9. A high-frequency magnetic field generating device,
comprising:

a circuit board; 15
a penetrating hole in the circuit board;

a plate coil arranged in the penetrating hole;

a high-frequency power supply that generates
microwave current that flows in the plate coil;

and 20
a transmission line part connected to the plate
coil, thatsets a currentdistribution so as to locate

the plate coil at a position other than a node of

a stationary wave;

wherein a longitudinal direction of a cross sec- 25
tion of the plate coil is perpendicular to the circuit
board; and

one edge line part in a top end side and one
edge line part in a bottom end side among four
edge line parts of the plate coil act as two coils 30
arranged with a predetermined gap in parallel
with each other, the two coils in between which
electron spin resonance material is arranged or
arranged at one side from electron spin reso-
nance material. 35
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